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SUMMARY 

A computer program has  been developed  t o  a n a l y z e  s u p e r s o n i c  combustion r a m j e t  
( s c r a m j e t )  i n l e t  f low f i e l d s .  The program s o l v e s  t h e  th ree -d imens iona l  E u l e r  o r  
Reynolds averaged  Navier -S tokes  e q u a t i o n s  i n  f u l l  c o n s e r v a t i o n  form by e i t h e r  t h e  
f u l l y  e x p l i c i t  o r  e x p l i c i t - i m p l i c i t ,  p r e d i c t o r - c o r r e c t o r  method of MacCormack. Tur- 
bu lence  is modeled by an a l g e b r a i c  e d d y - v i s c o s i t y  model. The a n a l y s i s  a l l o w s  i n c l u -  
s i o n  of end e f f e c t s  which can s i g n i f i c a n t l y  a f f e c t  t h e  i n l e t  f l ow f i e l d .  D e t a i l e d  
l amina r  and t u r b u l e n t  f low r e s u l t s  are p resen ted  f o r  a symmetric-wedge c o r n e r ,  and 
comparisons a r e  made wi th  the a v a i l a b l e  expe r imen ta l  r e s u l t s  t o  a l l o w  as ses smen t  of 
t h e  program. R e s u l t s  a r e  then  p r e s e n t e d  € o r  two i n l e t  c o n f i g u r a t i o n s  f o r  which 
e x p e r i m e n t a l  r e s u l t s  e x i s t  a t  t h e  NASA Langley Research  C e n t e r .  

INTRODUCTION 

For t h e  p a s t  s e v e r a l  y e a r s ,  a comprehensive r e s e a r c h  program has  been under  way 
a t  t h e  NASA Langley Research  Cen te r  t o  d e f i n e  and d e v e l o p  a v i a b l e  a i r - b r e a t h i n g  pro-  
p u l s i o n  sys tem f o r  h y p e r s o n i c  f l i g h t  a p p l i c a t i o n s .  I n  t h i s  f l i g h t  regime,  a supe r -  
s o n i c  combust ion r a m j e t  ( s c r a m j e t )  eng ine  becomes a t t r a c t i v e .  The scramjet e n g i n e  
concep t  be ing  developed  a t  Langley u s e s  a f ixed-geometry,  r e c t a n g u l a r  module approach  
t h a t  i n t e g r a t e s  wi th  t h e  v e h i c l e .  (See  r e f s .  1 and 2 . )  Use of f i x e d  geometry r e -  
duces  weight  and system complex i ty ,  whereas t h e  i n t e g r a t i o n  of t h e  v e h i c l e  and pro- 
p u l s i o n  sys tem t a k e s  advantage  of forebody compression t o  reduce  i n l e t  s i z e  and t a k e s  
advan tage  of  a f t e r h o d y  expansioz t o  p r o v i d e  a low-drag, h i g h - a r e a - r a t i o  e x h a u s t  
n o z z l e .  The b a s i c  modular concep t  t h a t  s e rved  as a n  i n i t i a l  focus  of research i n  
s c r a m j e t  t echno logy  a t  Langley is shown i n  f i g u r e  1 w i th  a s i d e w a l l  removed. The 
i n l e t  of t h i s  module compresses  t h e  f low with t h e  swept ,  wedge-shaped s i d e w a l l s .  The 
sweep of t h e s e  s i d e w a l l s ,  i n  combinat ion with t h e  a f t  p lacement  of t h e  cowl on t h e  
u n d e r s i d e  of t h e  e n g i n e ,  a l l o w s  f o r  e f f i c i e n t  s p i l l a q e  and € o r  good i n l e t  s t a r t i n g  
c h a r a c i - i i s t i c s  s ~ e r  a range of o p e r a t i n q  Mach ricimbers w i t h  f i x e d  qeometry .  The 
i n l e t  compress ion  i s  completed by t h r e e  wedge-shaped a k r c t s  ( ~ " 4  c r o s s - s e c t i . o n a 1  view 
i n  f i g .  1 )  which a l s o  p r o v i d e  l o c a t i o n s  f o r  t h e  i n j e c t i o n  of qaseous  f u e l .  Cons ide r -  
a b l e  aerodynamic t e s t i n g  of t h i s  module has r e s u l t e d  i n  a b a s e l i n e  i n l e t  d e s i g n  t h a t  
pe r fo rms  w e l l  ov2r  a w i d e  range  of Mach numbers. The b a s i c  d e s i g n  f e a t u r e s  of t h i s  
i n l e t  are d e s c r i b e d  i n  r e f e r e n c e  3 .  

Because of p o s s i b l e  d i v e r s i f i e d  a p p l i c a t i o n s  of scram] e t  e n g i n e s ,  t h e  i n l e t  
r e s e a r c h  i s  now moving i n t o  t h e  i n v e s t i g a t i o n  of s e v e r a l  new concep t s  ( r e f .  4 )  which 
r e t a i n  t h e  b a s i c  f e a t u r e s  of t h e  b a s e l i n e  d e s i g n ,  such  as f i x e d  geometry,  sweep, 
s t r u t s ,  and cu tback  cowl. However, most of t h i s  r e s e a r c h  has  n e c e s s a r i l y  been 
e x p e r i m e n t a l  because  of t h e  complex n a t u r e  of t h e  i n l e t  f l ow f i e l d ,  which is h i g h l y  
t h r e e  d i m e n s i o n a l ,  p o s s i b l y  t u r b u l e n t ,  and h a s  complex shock-wave/expansion-wave 
i n t e r a c t i o n s .  I t  a l s o  i n v o l v e s  s t r o n g  shock-wave/boundary-layer i n t e r a c t i o n s  which 
r e s u l t  i n  s e p a r a t e d  r e g i o n s .  F u r t h e r ,  because of t h e  a f t  p lacement  of t h e  cowl, a 
p o r t i o n  of t h e  i n l e t  f l ow f i e l d  i s  exposed t o  t h e  o u t s i d e  f low f i e l d  ahead of t h e  
cowl. T h i s  exposure  r e s u l t s  i n  a s i g n i f i c a n t  i n t e r a c t i o n  between t h e  i n s i d e  and o u t -  
s i d e  f low.  A s  a r e s u l t  of t h e  a forement ioned  f low c o m p l e x i t i e s  and l i m i t a t i o n s  on 
a v a i l a b l e  computer sys t ems ,  most s c r a m j e t  i n l e t  d e s i g n  i n  t h e  p a s t  has  had l i t t l e  
a n a l y t i c a l  s u p p o r t .  I n  r e c e n t  y e a r s ,  however, t h e  development  of l a r g e - s c a l e  s c i e n -  
t i f i c  computer  sys tems h a s  r e s u l t e d  i n  r a p i d  p r o g r e s s  i n  t h e  f i e l d  of c o m p u t a t i o n a l  



f l u i d  dynamics. With t h e  a v a i l a b i l i t y  of  l a r g e - s t o r a q e ,  h igh-speed  computers  and 
advanced numer ica l  a l g o r i t h m s ,  it i s  now f e a s i b l e  t o  c a l c u l a t e  many complex two-  and 
th ree -d imens iona l  problems that  c o u l d  n o t  be c a l c u l a t e d  p r e v i o u s l y .  ( S e e  re f .  5.) 
Development and i n t e l l i g e n t  u s e  of such  a n a l y t i c a l  c a p a b i l i t i e s  can  be v e r y  h e l p f u l  
i n  e l i m i n a t i n g  t h e  i n e f f i c i e n t  d e s i g n s  and i n  a l l o w i n q  p romis inq  d e s i q n  c o n f i q u r a -  
t i o n s  t o  be developed  w i t h  less r e l i a n c e  on e x t e n s i v e  wind- tunnel  t e s t i n g .  

An e f f o r t  t o  p r o v i d e  a n  i n l e t  a n a l y s i s  tool  s t a r t e d  w i t h  the development of  a 
two-dimensional  code ( r e f .  6 )  which s o l v e s  t h e  two-dimensional  E u l e r  or Navier -S tokes  
e q u a t i o n s  i n  c o n s e r v a t i o n  form. T h i s  two-dimensional  code  c a n  a l s o  he  used  i n  a 
quas i - th ree -d imens iona l  s e n s e  f o r  t h e  class of  scramjet i n l e t s  shown i n  f i q u r e  1 ,  
w i t h  t h e  assumpt ions  t h a t  t h e  shock waves i n  t h e  i n l e t  do n o t  d e t a c h  and t h e  end 
e f f e c t s  are  n e g l e c t e d .  (See r e f .  6 . )  

The purpose  of t h e  ongoing  a n a l y s i s  is  t o  develop a f u l l y  t h r e e - d i m e n s i o n a l  code 
f o r  a n a l y z i n g  a c t u a l  i n l e t  c o n f i g u r a t i o n s  w i t h o u t  s i m p l i f y i n g  a s sumpt ions .  R e s u l t s  
of t h e  i n v i s c i d ,  t h ree -d imens iona l  a n a l y s i s  of scramjet i n l e t  S l o w  f i e l d s  are pre- 
s e n t e d  i n  r e f e r e n c e  7 .  T h i s  report  d e s c r i b e s  t h e  deve lopment  and r e s u l t s  from a 
th ree -d imens iona l  v i s c o u s  f low code t h a t  u s e s  t h e  f u l l  Reynolds  ave raqed  Navier- 
S t o k e s  e q u a t i o n s  i n  c o n s e r v a t i o n  form as t h e  g o v e r n i n g  e q u a t i o n s .  The e q u a t i o n s  i n  
t h e  p h y s i c a l  domain are t r ans fo rmed  to  a r e g u l a r  c o m p u t a t i o n a l  domain by u s i n g  a n  
a l g e b r a i c  c o o r d i n a t e  t r a n s f o r m a t i o n  t h a t  g e n e r a t e s  a se t  of b o u n d a r y - f i t t e d  c u r v i -  
l i n e a r  c o o r d i n a t e s  ( r e f .  8 ) .  The t r ans fo rmed  e q u a t i o n s  are s o l v e d  by e i t h e r  t h e  ex- 
p l i c i t  ( r e f .  9 )  or e x p l i c i t - i m p l i c i t  ( r e f s .  10  and 1 1 )  p r e d i c t o r - c o r r e c t o r  method of 
MacCormack. These methods are h i q h l y  e f f i c i e n t  on t h e  v e c t o r  p r o c e s s i n q  computers  
fo r  which t h e  p r e s e n t  code w a s  deve loped .  

The code  i n  i t s  p r e s e n t  form can  be used  t o  a n a l y z e  i n v i s c i d  and v i s c o u s  ( lami-  
n a r  and t u r b u l e n t )  f l o w s .  I n  t h e  case of  t u r b u l e n t  f l o w s ,  a n  a lgebraic ,  two- l aye r ,  
e d d y - v i s c o s i t y  model of  Baldwin and Lomax ( r e f .  1 2 )  i s  used  t o  est imate  t h e  t u r b u l e n t  
v i s c o s i t y .  To v e r i f y  t h e  code ,  c a l c u l a t i o n s  are made for  l a m i n a r  and t u r b u l e n t  f l o w  
i n  a 9.48O symmetric-wedge c o r n e r  a t  a Mach number of 3 .  The f l o w  s i t u a t i o n  encoun- 
t e r e d  i n  t h i s  problem is r e p r e s e n t a t i v e  o f  t h e  t y p e  of  f l o w  i n s i d e  a scramjet i n l e t  
module. The r e s u l t s  of  t h e  c o r n e r  f low c a l c u l a t i o n s  are compared w i t h  the e x p e r i -  
men ta l  d a t a  by West and Korkegi  i n  r e f e r e n c e  13 .  Deta i led  r e s u l t s  are t h e n  p r e s e n t e d  
f o r  s e v e r a l  i n l e t  c o n f i g u r a t i o n s  f o r  which e x p e r i m e n t a l  r e s u l t s  are a v a i l a b l e .  A l l  
i n l e t  c a l c u l a t i o n s  a c c o u n t  f o r  t h e  i n t e r a c t i o n  be tween t h e  i n t e r n a l  and e x t e r n a l  f l o w  
ahead  o f  t h e  cowl. R e s u l t s  of t h e  p r e s e n t  c a l c u l a t i o n s  are compared w i t h  t h e  ava i l -  
ab le  e x p e r i m e n t a l  r e s u l t s .  

SYMBOLS 

metric d a t a ,  g i v e n  by  e q u a t i o n s  ( 4 )  B1 1 " . B 3 3  

s p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e  

s p e c i f i c  h e a t  a t  c o n s t a n t  volume 

P C 

c V  

e t o t a l  i n t e r n a l  e n e r q y  p e r  u n i t  volume 

9 t h r o a t  qap 

h e i q h t  of i n l e t  H1 

2 



J Jacobian  d e t e r m i n a n t  of t r a n s f o r m a t i o n  m a t r i x  

k e q u i v a l e n t  h e a t  t r a n s E e r  c o e f f i c i e n t  

M Mach number 

Npr  

P press u r e  

P r a n d t l  number 

t 

W 

* I Y l Z  

xC 

t X 

S 
6 

A 

h e a t  f l u x  

gas c o n s t a n t  

t e m p e r a t u r e  

t i m e  

v e l o c i t y  components i n  x--, y--, and z - d i r s c t i o n s  

wid th  of i n l e t  

C a r t e s i a n  c o o r d i n a t e s  

a x i a l  c o w l  l o c a t i o n  

d x i z i l  t h r o a t  l o c a t i o n  

s idewa l l  compress ion  a n g l e  

sweep a n g l e  

bJ vi scos i t y  

S I r 1 1 5  t r ans fo rmed  c o o r d i n a t e s  

P dens i t y  

T stress t e n s o r  

S u b s c r i p t s  : 

R l a m i n a r  

t t u r b u l e n t  

W w a l l  

X x - d i r e c t i o n  

Y y - d i r e c t i o n  

z z - d i r e c t i o n  
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m f r e e  stream 

1 c o n d i t i o n s  a t  f a c e  o€ i n l e t  

ANALY S IS 

Governing Equa t ions  

The i n l e t  f l ow f i e l d  i s  d e s c r i b e d  by t h e  th ree -d imens iona l  ( 3 - D ) ,  Reynolds  a v e r -  
aged Navier-Stokes e q u a t i o n s  i n  c o n s e r v a t i o n  form. These e q u a t i o n s  i n  t h e  C a r t e s i a n  
c o o r d i n a t e  system can  be w r i t t e n  as 

= o  au + 

aF a G  a H  
a t  ax ay az 
- -  + __ + 

where 

u =  

F =  

G =  

P 

PU 

P" 

P W  

.t? 

P" 

X Y  
P U V  - T 

P v 2  - T + p YY 

pvw - T 
YZ 

YX Y Y  - WT Z Y  + vp + q1 Vt? - U T  - VT 
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H =  

Here, e i s  the t o t a l  i n t e r n a l  ene rgy  per u n i t  volume and i s  g i v e n  by 
e = p [ c v T  + (u2  + v2 + 2 1 / 2 1 .  
are g iven  by 

The stress and f l u x  terms used i n  e q u a t i o n  ( 1  ) 

? xx = 24: - p) 

. aT 
qx = -k- ax 

aT 
aY 

= -k- 

. aT 
qz = -k- az 
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where 

!J = !JR + !Jt 

k = c (- p R  + r) !Jt 
N P r ,  R P r ,  t 

To complete  t h e  s e t  of gove rn ing  e q u a t i o n s ,  t h e  e q u a t i o n  of s t a t e  ( p  = pRT) i s  
used .  The laminar v i s c o s i t y  p t  is c a l c u l a t e d  from S u t h e r l a n d ' s  l a w .  The t u r b u l e n t  
v i s c o s i t y  
Lomax) d e s c r i b e d  i n  r e f e r e n c e  12. 

is estimated from an a l g e b r a i c ,  e d d y - v i s c o s i t y  model (Baldwin and 9 

The govern ing  e q u a t i o n s  are t r ans fo rmed  by an a l q e h r a i c  c o o r d i n a t e  t ransfor rna-  
t i o n  to  a body-Ei t ted  c o o r d i n a t e  sys tem t ( x ,  y , z )  I r l ( x , y , z )  , and r ; ( x , y , z ) .  The 
t ransEormed govern ing  e q u a t i o n s  i n  c o n s e r v a t i o n  form can  be w r i t t e n  as 

where 

U' = JU 

F' = B l l F  + B G + B H 21 31 

G' = B , 2 F  + BZ2G + B32H 

H' = B13F + B23G + B33H 

H e r e ,  B1 .B33 and t h e  J a c o b i a n  m a t r i x  J are r e f e r r e d  t o  as metric d a t a  and are 
d e f i n e d  as 

J = x B  + x B  + x B  5 1 1  rl 12 r; 13 
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These metric data  are de termined  by u s i n q  an a l q e b r a i c  g r i d  g e n e r a t i o n  t e c h n i q u e  w i t h  
l i n e a r  c o n n e c t i n g  f u n c t i o n s .  (See ref.  8 . )  A mesh r e f i n e m e n t  f u n c t i o n  described by  
Roberts i n  r e f e r e n c e  14 is i n c o r p o r a t e d  i n t o  t h e  t r a n s f o r m a t i o n  i n  t h e  y- and 
z - c o o r d i n a t e  d i r e c t i n n s  t o  c o n c e n t r a t e  more p o i n t s  n e a r  t h e  boundar i e s  i n  t h e  phys i -  
c a l  domain. T h i s  f u n c t i o n  permits the mesh t o  be either r c f i n p d  n e a r  c)ne boundary 
o n l y  or r e f i n e d  e q u a l l y  n e a r  b o t h  boundar i e s .  Mesh reFinement  is requFrad  f o r  be t te r  
r e s o l u t i o n  of t h e  boundary- layer  r e g i o n ,  b u t  i t  is desirable even  n e a r  the symmetry 
b o u n d a r i e s ,  where t h e  f l o w  i s  predominant ly  i n v i s c i d .  I t  r educes  the e r r o r s  i n  t h e  
a p p l i c a t i o n  of approximate  boundary c o n d i t i o n s ,  as used i n  t h e  p r e s e n t  code ,  espe-  
c i a l l y  i n  the r e g i o n  where a shock wave i s  i n t e r a c t i n g  w i t h  t h e  boundary.  

I 

Methods of S o l u t i o n  

The t r ans fo rmed  gove rn ing  e q u a t i o n s  a r e  s o l v e d  by t h e  second-order  a c c u r a t e  
e x p l i c i t  ( r e f .  9 )  or e x p l i c i t - i m p l i c i t  ( r e f .  I O ) ,  p r e d i c t o r - c o r r e c t o r ,  t i m e -  
dependen t ,  f i n i t e - d i f f e r e n c e  method of MacCormack. I n  these methods,  i f  a s o l u t i o n  
t o  e q u a t i o n  ( 3 )  i s  known a t  Some t i m e ,  t = n A t ,  t h e  s o l u t i o n  a t  t h e  n e x t  t i m e ,  
t = ( n  + 1 )  A t ,  c a n  be o b t a i n e d  from 

7 



f o r  each  g r i d  p o i n t  ( i , j ) .  The f i n i t e - d i f f e r e n c e  o p e r a t o r  L c o n s i s t s  of a pre- 
d i c t o r  s tep  and a corrector s t e p  which can be w r i t t e n  i n  f u n c t i o n a l  form as f o l l o w s :  

For  t h e  e x p l i c i t - i m p l i c i t  method, each  s t e p  c o n t a i n s  t w o  s t a q e s .  The f i r s t  s t a q e  
uses  t h e  e x p l i c i t  method, which i s  sub jec t  t o  r e s t r i c t i v e  e x p l i c i t  s t a b i l i t y  cond i -  
t i o n s .  The second s t a g e  removes t h e s e  s t a b i l i t y  c o n d i t i o n s  by n u m e r i c a l l y  t r ans fo rm-  
i n g  t h e  e q u a t i o n s  of t h e  f i r s t  s t a g e  i n t o  an  i m p l i c i t  form. For t h e  e x p l i c i t  method,  
each  s t e p  h a s  on ly  t h e  e x p l i c i t  s t a g e .  The d e t a i l s  of t h e  methods are g i v e n  i n  ref-  
e r e n c e s  9 and 10. Re fe rence  1 1  p r o v i d e s  some h e l p f u l  o b s e r v a t i o n s  f o r  s u c c e s s f u l l y  
u s i n g  t h e  e x p l i c i t - i m p l i c i t  method. I n  t h e  p r e s e n t  code ,  t h e  i m p l i c i t  s t a q e  i s  added 
o n l y  i n  t h e  y- and z -coord ina te  d i r e c t i o n s ,  assuming t h a t  t h e  spa t i a l  d i s c r e t i z a t i o n  
i n  t h e s e  d i r e c t i o n s  i s  much more r e f i n e d  t h a n  i n  t h e  a x i a l  d i r e c t i o n  ( x - c o o r d i n a t e ) .  

The p reced ing  methods are w e l l - s u i t e d  f o r  t h e  v e c t o r - p r o c e s s i n g  computers, be- 
c a u s e  t h e y  a l l o w  a h i g h  d e g r e e  of v e c t o r i z a t i o n .  A f o u r t h - o r d e r  numer i ca l  tlampinq of 
t h e  t y p e  used i n  r e f e r e n c e  6 i s  required f o r  damping t h e  o s c i l l a t i o n s  which o c c u r  i n  
t h e  neiqhborhood of s t r o n g  shocks  i n  t h e  f low.  

Boundary and I n i t i a l  C o n d i t i o n s  

The f l o w  v a r i a b l e s  a t  t h e  i n f l o w  boundary are h e l d  f i x e d  a t  p r e s c r i b e d  condi -  
t i o n s ,  whereas ,  e x t r a p o l a t i o n  f r o m  i n t e r i o r  g r i d  p o i n t s  i s  used  to  o b t a i n  t h e  f l o w  
v a r i a b l e s  a t  t h e  o u t f l o w  boundary.  No-slip and a d i a b a t i c  w a l l  o r  known w a l l  tempera- 
t u r e  c o n d i t i o n s  a r e  used on t h e  s o l i d  b o u n d a r i e s .  The w a l l  p r e s s u r e  is d e t e r m i n e d  
from t h e  approximat ion  where t h e  normal d e r i v a t i v e  of p r e s s u r e  v a n i s h e s .  On t h e  open 
boundar i e s ,  e x t r a p o l a t i o n  from i n t e r i o r  g r i d  p o i n t s  is used .  I f  t h e  f low i s  symmet- 
r i c  a b o u t  a p l a n e ,  o n l y  h a l f  t h e  f low f i e l d  is c a l c u l a t e d ,  and symmetry boundary 
c o n d i t i o n s  are imposed. 

The boundary c o n d i t i o n s  are a p p l i e d  i n  b o t h  t h e  p r e d i c t o r  and corrector s t e p s .  
I n i t i a l  c o n d i t i o n s  are normal ly  p r e s c r i b e d  f o r  e a c h  s e t  of c a l c u l a t i o n s  by assuming 
t h a t  f r e e - s t r e a m  c o n d i t i o n s  e x i s t  a t  a l l  t h e  g r i d  p o i n t s  e x c e p t  a t  t h e  b o u n d a r i e s  
where p r o p e r  boundary c o n d i t i o n s  are a p p l i e d .  

Convergence 

TO check t h e  convergence  t o  s t e a d y  s t a t e ,  t h e  p e r c e n t a g e  change  i n  d e n s i t y  d u r -  
i n g  a time-step is c a l c u l a t e d  a t  each  g r i d  p o i n t  i n  t h e  f low.  I f  t h i s  chanqe is less 
than  a p r e s c r i b e d  number a t  a l l  t h e  g r i d  po in t s ,  t h e  c a l c u l a t i o n  is assumed t o  be 
Converged. However, i n  many c a s e s ,  t h e  change i n  d e n s i t y  may n o t  be reduced  b e l o w  
t h e  p r e s c r i b e d  va lue  a t  all t h e  p o i n t s ;  i n s t e a d ,  i t  may assume a c e r t a i n  a s y m p t o t i c  
v a l u e .  For t h o s e  c a s e s ,  t h e  c a l c u l a t i o n  is t e r m i n a t e d  based  on a p h y s i c a l  t i m e -  
convergence c r i t e r i o n .  For t h i s  c r i t e r i o n ,  t h e  c a l c u l a t i o n s  are s t o p p e d  when t h e  
e q u a t i o n s  have b e e n  r e l a x e d  i n  t i m e  e q u a l  t o  t h a t  r e q u i r e d  by t h e  free stream t o  
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t r a v e r s e  t h e  f low domain approx ima te ly  t h r e e  t i m e s .  Although t h i s  c r i t e r i o n  i s  e m -  
p i r i c a l  i n  n a t u r e ,  it h a s  been found t o  work w e l l  f o r  most s u p e r s o n i c  f low problems.  

PROGRAM ORGANIZATION AND COMPUTER REQUIREMENTS 

The p r e s e n t  code w a s  o r i g i n a l l y  w r i t t e n  € o r  t h e  C o n t r o l  Data CYBER 203 v e c t o r -  
p r o c e s s i n g  computer sys tem a t  NASA Langley.  I t  h a s  now been upgraded t o  t h e  VPS-32 
computer .  The VPS-32 computer h a s  16 m i l l i o n  6 4 - b i t  words of pr imary  memory, b u t  t h e  
v i r t u a l  memory f e a t u r e  of t h e  sys t em a l l o w s  a program t o  have a d a t a  base  l a r q e r  t h a n  
t h e  a v a i l a b l e  p r imary  memory. The memory of t h e  computer is  d i v i d e d  i n t o  paqes .  
These pages  a r e  a v a i l a b l e  i n  two s i z e s .  The small paqe h a s  8192, 6 4 - b i t  words,  and 
t h e  l a r g e  page h a s  65 536, 6 4 - b i t  words, o r  8 small  pages .  when t h e  code r e f e r s  t o  
some i n f o r m a t i o n  t h a t  is  n o t  r e s i d e n t  i n  t h e  p r imary  memory, t h e  page t h a t  h a s  n o t  
been used f o r  t h e  l o n g e s t  t i m e  moves o u t  from t h e  p r imary  memory t o  accommodate t h e  
r e q u i r e d  page from v i r t u a l  memory. T h i s  p r o c e s s  is c a l l e d  "paqing"  and is  ve ry  s low 
compared wi th  t h e  speed  of t h e  c e n t r a l  p r o c e s s i n g  u n i t  (CPU)  because  of hardware  
l i m i t a t i o n s  of t h e  system. With a l a r g e  d a t a - b a s e  program, u n l e s s  c o n s i d e r a b l e  
e f f o r t  i s  made t o  manage bo th  t h e  d a t a  and the  a s s o c i a t e d  computa t iona l  p r o c e d u r e s ,  a 
s i t u a t i o n  can  o c c u r  where t h e  machine i s  spend ing  more t i m e  movinq pages of d a t a  i n  
and o u t  of p r imary  memory t h a n  on a c t u a l  computa t ions .  T h i s  s i t u a t i o n  is e s p e c i a l l y  
t r u e  w i t h  t h e  numer i ca l  t e c h n i q u e  used i n  the  p r e s e n t  a n a l y s i s ,  where t h e  program 
goes  th rough  t h e  e n t i r e  d a t a  b a s e  s e v e r a l  thousand t i m e s .  I n  t h i s  s i t u a t i o n ,  it i s  
a d v i s a b l e  t o  a v o i d  t h e  use  of v i r t u a l  memory. By p rope r  program o r g a n i z a t i o n ,  it is  
p o s s i b l e  t o  keep  t h e  s t o r a g e  r e q u i r e d  by t h e  temporary  v a r i a b l e s  t o  a minimum, s o  
t h a t  more g r i d  p o i n t s  can  be used f o r  d i s c r e t i z i n g  t h e  f low domain w i t h o u t  t h e  use  of 
v i r t u a l  memory. 

Another  f e a t u r e  of v e c t o r  p r o c e s s o r s  is t h a t  t h e y  can a c h i e v e  h i g h  o p e r a t i o n  
rates when a l a r g e  d e g r e e  of v e c t o r i z a t i o n  is  p r e s e n t  i n  t h e  computa t ion  ( i . e . ,  when 
a n  i d e n t i c a l  o p e r a t i o n  is be inq  performed on c o n s e c u t i v e  e lements  i n  t h e  memory). 
The o p e r a t i o n  ra te  increases as the ler?g+h of t h e  v e c t o r  i n c r e a s e s .  The p r e s e n t  code 
i s  o r g a n i z e d  i n  such  a way t h a t  c a l c u l a t i o n s  are made i n  p l a n e s  perper ldlci i lar  tn one 
of t h e  c o o r d i n a t e  d i r e c t i o n s  wi th  v e c t o r  l e n g t h  approxi rna t9 ly  e q u a l  t o  t h e  number of 
g r i d  p o i n t s  i n  a p l a n e .  T h i s  a r rangement  a l l o w s  e f f i c i e n t  u s e  of t h e  v e c t o r -  
p r o c e s s i n g  c a p a b i l i t y  of t h e  computer .  Temporary r e u s a b l e  v e c t o r s  are ma in ta ined  i n  
o n l y  two l o c a l  p l a n e s .  When on ly  t h e  e x p l i c i t  method w a s  b e i n g  used i n  t h e  code ,  it 
w a s  p o s s i b l e  t o  s t a r t  t h e  c o r r e c t o r  s t e p  i n  p l a n e  I - 1 once t h e  p r e d i c t o r  s t e p  w a s  
comple ted  i n  p l a n e  I - 1 and I a s  shown i n  f i g u r e  2. However, w i th  t h e  implementa- 
t i o n  of t h e  e x p l i c i t - i m p l i c i t  method, t h e  p r e d i c t o r  s t e p  must be completed f i r s t  i n  
a l l  p l a n e s  b e f o r e  s t a r t i n g  t h e  c o r r e c t o r  s t e p ,  t h u s  r e s u l t i n g  i n  more s t o r a g e  
r e q u i r e m e n t s  t h a n  w i t h  t h e  f u l l y  e x p l i c i t  method. 

One more c o n s i d e r a t i o n  which s i g n i f i c a n t l y  impacts  t h e  number of g r i d  p o i n t s  
a v a i l a b l e  f o r  f l o w  d i s c r e t i z a t i o n  is t h e  way i n  which t h e  m e t r i c  d a t a  are p rov ided  t o  
t h e  main f l o w  program. Normally,  t h e  metric d a t a  a r e  c a l c u l a t e d  and s t o r e d  f o r  u s e  
i n  t h e  main program, b u t  t h i s  approach r e q u i r e s  t e n  3-D a r r a y s  f o r  t h e  metric d a t a  
g i v e n  i n  e q u a t i o n s  ( 4 )  and r e s u l t s  i n  a s i g n i f i c a n t  i n c r e a s e  i n  t h e  number of 3-D 
a r r a y s .  An a l t e r n a t i v e  approach  is t o  i n p u t  x-, y-, and z - c o o r d i n a t e s  t o  t h e  main 
program and t o  c a l c u l a t e  t h e  metric d a t a  p l a n e  by p l ane  i n  each t ime-s t ep .  Th i s  
approach ,  a l t h o u g h  it i n c r e a s e s  t h e  e x e c u t i o n  t i m e  s l i g h t l y ,  r e q u i r e s  on ly  t h r e e  3-D 
a r r a y s  and t e n  2-D a r r a y s .  The p r e s e n t  code u s e s  t h e  second approach ,  which i n -  
c r e a s e d  t h e  number of g r i d  p o i n t s  t h a t  can be s t o r e d  i n  t h e  main memory of t h e  com- 
p u t e r  by a b o u t  40 p e r c e n t .  The code now r e q u i r e s  s e v e n t e e n  3-D a r r a y s  and many 2-D 
a r r a y s .  
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The code as such  uses  CYBER 200 FORTRAN lanquage  w i t h  32-bit-word a r i t h m e t i c .  
U s e  of 32-bit-word a r i t h m e t i c  i n c r e a s e d  t h e  p r imary  memory t o  32 m i l l i o n  words and 
r educed  t h e  e x e c u t i o n  t i m e  by a factor  of o v e r  2 w i t h o u t  a d v e r s e l y  a f f e c t i n q  t h e  
a c c u r a c y  of t h e  r e s u l t s .  The maximum g r i d  s i z e  t h a t  can  be computed w i t h  t h i s  code  
w i t h o u t  go ing  o u t  of  p r imary  memory i s  approx ima te ly  1.4 m i l l i o n  p o i n t s .  The compute 
ra te  of t h e  code i s  about  0.7 X s e c / g r i d  p o i n t / t i m e - s t e p ;  t h e r e f o r e ,  t h e  code  
r e q u i r e s  ahou t  1 hour  t o  compute 1000 time-steps on a g r i d  of  0.5 x l o 6  p o i n t s .  

DISCUSSION OF RESULTS 

R e s u l t s  a r e  p r e s e n t e d  €or a symmetric-wedge c o r n e r  and t w o  scramjet i n l e t  con- 
f i g u r a t i o n s .  Comparisons are made w i t h  t h e  a v a i l a b l e  e x p e r i m e n t a l  r e s u l t s  t o  a l low 
a s s e s s m e n t  of t h e  p r e s e n t  a n a l y s i s .  

R e s u l t s  f o r  Symmetric-Wedge Corne r  

To v e r i f y  t h e  computer  program, c a l c u l a t i o n s  are made f o r  l a m i n a r  and t u r b u l e n t  
f l o w  i n  a 3-D, 9.48O symmetric-wedge c o r n e r  ( f i g .  3 )  €or which d e t a i l e d  e x p e r i m e n t a l  
r e s u l t s  are  a v a i l a b l e .  The f low i n  such  a c o r n e r  is  r e p r e s e n t a t i v e  of  t h e  t y p e  o f  
f l o w  i n s i d e  a scramjet i n l e t .  A s c h e m a t i c  of  t h e  basic c h a r a c t e r i s t i c s  of  t h e  c o r n e r  
f l o w  i s  shown i n  f i g u r e  3 .  I t  h a s  a v e r y  complex s t r u c t u r e  t h a t  i n c l u d e s  w a l l  
shocks ,  c o r n e r  shock ,  i n t e r n a l  shocks ,  and s l i p  l i n e s .  To p r e d i c t  such  a complex 
f l o w  f i e l d ,  i t  is n e c e s s a r y  t o  p r o p e r l y  d i s c r e t i z e  t h e  c o r n e r  geometry .  I n  t h e  p r e s -  
e n t  a n a l y s i s ,  a q r i d  of  39 x 61 x 61 p o i n t s  (39  p o i n t s  i n  t h e  x - d i r e c t i o n ,  61 p o i n t s  
i n  t h e  y - d i r e c t i o n ,  and 61 p o i n t s  i n  t h e  z - d i r e c t i o n )  is  used  w i t h  s u i t a b l e  r e f i n e -  
ment n e a r  t h e  c o r n e r  w a l l s ,  based  on t h e  f low Reynolds number. C a l c u l a t i o n s  are made 
€or t h e  case wi th  M, = 3.0, T, = 105 K ,  and Tw = 294 K.  I n  t h e  case of l a m i n a r  
f low,  t h e  f r e e - s t r e a m  p r e s s u r e  i s  1095 Pa,  and t h e  Reynolds  number i s  0.39 x 10 . 
F i g u r e  4 shows t h e  d e t a i l s  of t h e  corner f l o w  s t r u c t u r e  as c a l c u l a t e d  by t h e  p r e s e n t  
a n a l y s i s  and compared w i t h  t h e  r e s u l t s  of r e f e r e n c e  13 .  P l o t t e d  i n  t h i s  f i g u r e  are 
t h e  c a l c u l a t e d  and t h e  e x p e r i m e n t a l l y  de t e rmined  d e n s i t y  c o n t o u r s .  The c a l c u l a t i o n s  
have  p r e d i c t e d  the  c o r n e r  f low f e a t u r e s  v e r y  w e l l  and are i n  v e r y  qood aqreement  w i t h  
t h e  expe r imen t .  
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A comparison of  t h e  s i d e w a l l  p r e s s u r e  d i s t r i b u t i o n  w i t h  e x p e r i m e n t  is  shown i n  
f i g u r e  5.  Again, t h e  p r e d i c t e d  r e s u l t s  compare w e l l  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  

I n  t h e  case of t u r b u l e n t  f l ow,  c a l c u l a t i o n s  are made a t  a free-stream p r e s s u r e  
o f  3000 Pa and a Reynolds  number of  1 . 1  The e x p e r i m e n t a l  r e s u l t s  i n  refer- 
e n c e  1 3  show t h a t  t h e  f low i n  t h e  c o r n e r  is f u l l y  t u r b u l e n t  a t  t h i s  Reynolds  number 
and t h a t  t h e r e  i s  ve ry  l i t t l e  change  i n  t h e  f l o w  s t r u c t u r e  €or Reynolds  numbers i n  
t h e  r ange  of  1 .1  x l o6  t o  60 x l o 6 .  S i n c e  t h e  c o m p u t a t i o n a l  r e q u i r e m e n t s  are much 
less s e v e r e  a t  1 .1 x l o6  than  a t  60 x I O 6 ,  t h e  c a l c u l a t i o n s  are made a t  1 .1 x 1 0  . 
F i g u r e  6 shows t h e  comparison of  t h e  s u r f a c e  p r e s s u r e  d i s t r i b u t i o n  w i t h  t h e  e x p e r i -  
ment. The p r e s e n t  r e s u l t s  are i n  v e r y  good ag reemen t  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  

x l o 6 .  

6 

R e s u l t s  € o r  S c r a m j e t  I n l e t  

D e t a i l e d  rf?SultS are now p r e s e n t e d  €or  a parametric scramjet i n l e t  and a s i n q l e -  
S t r u t ,  r e v e r S ~ - s w e e p ,  scramjet i n l e t .  A l l  c a l c u l a t i o n s  are made w i t h  a q r i d  of 
65  X 31 X 51 p o i n t s .  S i n c e  t h e  i n l e t s  are symmetr ic  a b o u t  t h e  x-z p l a n e ,  o n l y  h a l f  
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t h e  i n l e t  f l ow is  c a l c u l a t e d .  Out of t h e  51 p o i n t s  i n  t h e  z - d i r e c t i o n ,  15 p o i n t s  are 
l o c a t e d  under  t h e  cowl t o  a c c o u n t  f o r  t h e  end e f f e c t s .  A s  mentioned p r e v i o u s l y ,  
t h e s e  end e f f e c t s  a r i s e  because  of t h e  a f t  placement  of t h e  cowl,  which exposes  t h e  
i n l e t  f l o w  t o  t h e  o u t s i d e  f low ahead of t h e  cowl c l o s u r e .  F i g u r e  7 shows t h e  s i d e  
view of an i n l e t  module w i t h  0" sweep and wedqe-shaped s i d e w a l l s .  A c r o s s - s e c t i o n a l  
view is a l s o  shown i n  t h e  f i g u r e .  The f low t h a t  h a s  been p r o c e s s e d  by t h e  s i d e w a l l  
shock i n s i d e  t h e  i n l e t  is  a t  a h i g h e r  p r e s s u r e  t h a n  t h a t  o u t s i d e  t h e  i n l e t .  T h i s  
p r e s s u r e  d i f f e r e n t i a l  c a u s e s  a n  expans ion  wave t o  r u n  i n t o  t h e  i n l e t ,  and an induced  
f l o w  is  c r e a t e d  i n  t h e  downward d i r e c t i o n  t h a t  r e s u l t s  i n  some f l o w  s p i l l a g e  i n  
a d d i t i o n  t o  t h a t  caused  by any s i d e w a l l  sweep. To a c c o u n t  f o r  t h e s e  end e f f e c t s  i n  
t h e  a n a l y s i s ,  a p o r t i o n  of  t h e  f l o w  under t h e  cowl must be i n c l u d e d ,  b u t  t h e  problem 
is to  d e c i d e  how much more of t h e  f l o w  f i e l d  needs t o  be i n c l u d e d .  I d e a l l y ,  one 
s h o u l d  go down and around t h e  s i d e w a l l s  f a r  enough so  t h a t  t h e  f r e e - s t r e a m  c o n d i t i o n s  
can  be a p p l i e d  on t h e  f r e e  b o u n d a r i e s ,  b u t  t h i s  would g r e a t l y  i n c r e a s e  t h e  computa- 
t i o n a l  r e q u i r e m e n t s .  I n  t h e  p r e s e n t  a n a l y s i s ,  t h e  r e g i o n  i s  ex tended ,  as shown i n  
f i g u r e  7 by dashed l i n e s .  E x t r a p o l a t i o n  from i n t e r i o r  g r i d  p o i n t s  i s  used a l l  a l o n q  
t h e  d a s h e d - l i n e  b o u n d a r i e s  e x c e p t  a t  t h e  i n f l o w  boundary,  where t h e  f low c o n d i t i o n s  
are  p r e s c r i b e d .  

R e s u l t s  f o r  t h e  p a r a m e t r i c  i n l e t  are p r e s e n t e d  f i r s t ,  fo l lowed  by t h e  s i n g l e -  
s t r u t ,  r eve r se - sweep  i n l e t  r e s u l t s .  

P a r a m e t r i c  I n l e t  

The p r e s e n t  a n a l y s i s  h a s  been used t o  c a l c u l a t e  t h e  f l o w  f i e l d  i n  t h e  i n l e t  of  a 
parametric scramjet eng ine  d e s i g n e d  f o r  e x p e r i m e n t a l  s t u d i e s  a t  t h e  Langley Resea rch  
C e n t e r .  F i g u r e  8 shows t h e  geometry of t h e  e n g i n e .  The iz1et  s i d e w a l l s  are swep t  
back a t  a n g l e  A. A s  mentioned p r e v i o u s l y ,  t h e  pu rpose  of t h e  s i d e w a l l  sweep i s  t o  
t u r n  t h e  f l o w  downward, which r e s u l t s  i n  some f l o w  s p i l l i n g  o u t  of t h e  i n l e t  ahead of  
t h e  c o w l  p l a t e .  T h i s  p r o v i d e s  t h e  p o t e n t i a l  t o  o p e r a t e  o v e r  a r ange  of Mach numbers 
w i t h  a f ixed -qeomet ry  inlet. ~ r !  nt.her words, t h e  s i d e w a l l  sweep r e s u l t s  i n  v a r i a b l e -  
geomet ry - i i  k e  b e h a v i o r  w i t h  a f ixed-geometry i n l . e t .  The s i d e w a l l  sweep ends a l o n q  
l i n e  A-B,  and t h e  cowl c l o s u r e  s t a r t s  a t  p o i n t  R .  The i n l e t  i s  7.2 i n .  h i q h  ar,d 
a b o u t  30 i n .  l ong .  The s i d e w a l l s  have a 6 O  wedge a n g l e .  Var ious  o t h e r  d imens ions  
and a n g l e s  are  a l s o  shown i n  t h e  f i g u r e .  I n  t h i s  c o n f i q u r a t i o n ,  s i d e w a l l  sweep, cowl 
l o c a t i o n ,  and g e o m e t r i c  c o n t r a c t i o n  r a t i o  can be v a r i e d .  I t  i s  a lso p o s s i b l e  t o  add 
s t r u t s  i n  t h e  i n l e t ,  if n e c e s s a r y .  These f e a t u r e s  make p o s s i b l e  t h e  e v a l u a t i o n  of 
t h e  i n f l u e n c e  of v a r i o u s  g e o m e t r i c  pa rame te r s  on i n l e t  performance o v e r  a r anqe  of  
Mach numbers. Expe r imen ta l  r e s u l t s  have been o b t a i n e d  by T r e x l e r  of NASA Lanqley 
Resea rch  C e n t e r  fo r  t h e  i n l e t  f l o w  f i e l d  a t  Mach 3.5 and s i d e w a l l  sweep a n g l e s  of  0' 
t o  45". 

TO compare t h e  n u m e r i c a l  r e s u l t s  with t h e  e x p e r i m e n t a l  d a t a ,  f l o w  f i e l d  is cal- 
c u l a t e d  a t  Mach 3.5 i n  t h e  i n l e t  w i t h  0" s i d e w a l l  sweep and a g e o m e t r i c  c o n t r a c t i o n  
r a t i o  W / g  of 4 .  F i g u r e  9 shows t h e  d e t a i l s  of  t h i s  c o n f i g u r a t i o n .  P r e s s u r e  and 
t e m p e r a t u r e  a t  t h e  face of t h e  i n l e t  a r e  7230 Pa and 75.7 K.  These v a l u e s  co r re spond  
t o  t h e  e x p e r i m e n t a l  c o n d i t i o n s .  C a l c u l a t i o n s  are made f o r  i n v i s c i d ,  l a m i n a r ,  and 
t u r b u l e n t  f l o w  i n  t h e  i n l e t .  The impact  of t h e  end e f f e c t s  i n  t h e  c a l c u l a t i o n s  is 
d i s c u s s e d  f i r s t  w i t h  t h e  h e l p  of i n v i s c i d  r e s u l t s .  

F i g u r e  10 shows t h e  s i d e w a l l  pressure d i s t r i b u t i o n  a t  two a x i a l  l o c a t i o n s .  I f  
t h e  end e f f e c t s  were n o t  i n c l u d e d  i n  t h e  a n a l y s i s ,  t h e  s i d e w a l l  p r e s s u r e  d i s t r i b u t i o n  
a t  any g i v e n  a x i a l  l o c a t i o n  shou ld  have remained c o n s t a n t  a t  a c e r t a i n  v a l u e .  Also, 
t h e  i n l e t  s h o u l d  have c a p t u r e d  a l l  t h e  f low t h a t  e n t e r e d  i t ,  s i n c e  t h e  s i d e w a l l  sweep 
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1s oo. However, i t  is shown i n  f i g u r e  10 t h a t  a t  x /H1  = 1.25,  about  45 p e r c e n t  of 
t h e  f l o w  above t h e  c o w l  p l a n e  is a f E e c t e d  by t h e  expans ion  wave. The p r e s s u r e  r a t i o  
i n  t h e  cowl p l ane  i s  reduced  t o  1.42 from 1.61.  A t  x/H1 = 2.24, t h e  end e f f e c t s  
ex tend  t o  abou t  75 percent of t h e  f low above t h e  cowl plane.  The pressure r a t i o  i n  
t h e  c o w l  p l ane  i s  reduced  t o  2.4 from 4.06. I n  a d d i t i o n ,  t h e  c a l c u l a t i o n  showed t h a t  
t h e  i n l e t  s p i l l e d  a s i g n i f i c a n t  amount of t h e  f low because of t h e  end e f f e c t s .  I t  i s  
a p p a r e n t  from t h e s e  r e s u l t s  t h a t  t h e  end e f f e c t s  have a ve ry  s i g n i f i c a n t  impact on 
t h e  i n l e t  f low and shou ld  be i n c l u d e d  i n  t h e  a n a l y s i s  t o  a c c u r a t e l y  p r e d i c t  t h e  i n l e t  
f l o w  f i e l d .  

The pressure c o n t o u r s  and v e l o c i t y  vector  f i e l d  are shown i n  f i g u r e s  1 1  and 1 2  
f o r  i n v i s c i d ,  l amina r ,  and t u r b u l e n t  f l ow through t h e  i n l e t .  To i l l u s t r a t e  t h e  com- 
p l e x i t y  of t h e  f low,  t h e  p r e s s u r e  c o n t o u r s  are d i s p l a y e d  i n  f i g u r e  11 i n  a p l a n e  
l o c a t e d  a t  z/H, = 0.5. These p lo t s  c l e a r l y  show t h e  shock and expans ion  waves and 
t h e i r  i n t e r a c t i o n s  w i t h  each  o t h e r  and w i t h  t h e  boundar i e s .  A l so ,  t h e  shock  i n t e r -  
a c t i o n  p o i n t s  move s l i g h t l y  ups t ream i n  t h e  case of v i s c o u s  f lows .  P l o t s  of v e l o c i t y  
v e c t o r  f i e l d  i n  t h e  a fo remen t ioned  p l a n e  are shown i n  f i g u r e  1 2 .  For  c l a r i t y ,  o n l y  
t h e  r e g i o n  between x/H1 = 1 .486 and 3.4 is shown i n  t h e  f i g u r e .  The l a m i n a r  
boundary l a y e r  s e p a r a t e s  a t  t h r e e  places on t h e  s i d e w a l l  as  a r e s u l t  of shock- 
wave/boundary-layer  i n t e r a c t i o n .  (See  f i g .  1 2 ( b ) . )  The s e p a r a t i o n  d i s a p p e a r s  f o r  
t h e  t u r b u l e n t  f low under  t h e  p r e s e n t  f l ow c o n d i t i o n s ,  s i n c e  t h e  t u r b u l e n t  boundary 
l a y e r  i s  a b l e  t o  accept h i g h e r  a d v e r s e  p r e s s u r e  g r a d i e n t s  w i t h o u t  s e p a r a t i n g .  

F i g u r e s  1 3  and 14 show t h e  s i d e w a l l  p r e s s u r e  d i s t r i b u t i o n s  a t  t w o  i n l e t  h e i q h t  
l o c a t i o n s .  Unpublished e x p e r i m e n t a l  r e s u l t s  from T r e x l e r  are a l s o  shown. Only 
t u r b u l e n t  f l o w  c a l c u l a t i o n  r e s u l t s  are p l o t t e d  € o r  comparison w i t h  t h e  expe r imen t .  
The f low i n  t h e  r e g i o n  between x/H1 = 2.6 and 3.5 is h i g h l y  complex because  of t h e  
i n t e r a c t i o n s  of s i d e w a l l  shock ,  s i d e w a l l  expans ion ,  c o w l  shock ,  expans ion  due  t o  t h e  
end e f f e c t s ,  and induced shock due  t o  boundary- layer  s e p a r a t i o n .  A l l  t h e s e  i n t e r a c -  
t i o n s  are taki.nq p l a c e  i n  a r e q i o n  where t h e  gap  between t h e  s i d e w a l l s  is r e l a t i v e l y  
small .  The p r e d i c t i o n  is f u r t h e r  compl i ca t ed  by pre-shock  and pos t - shock  o sc i l l a -  
t i o n s  i n t r o d u c e d  by t h e  numer i ca l  method. Even w i t h  all t h e s e  c o m p l e x i t i e s ,  t h e  pre- 
d i c t e d  r e s u l t s  a g r e e  r e a s o n a b l y  w e l l  w i th  t h e  e x p e r i m e n t a l  d a t a  i n  b o t h  p l a n e s .  The 
p r e d i c t e d  p r e s s u r e  l e v e l s  a r e ,  i n  g e n e r a l ,  s l i g h t l y  h i q h e r  t h a n  t h o s e  measured i n  t h e  
expe r imen t .  Some of t h i s  d i f f e r e n c e  is due t o  t h e  f a c t  t h a t  t h e  e x p e r i m e n t a l  Mach 
number is s l i g h t l y  lower t h a n  t h e  3.5 used i n  t h e  p r e s e n t  c a l c u l a t i o n s .  

A s  d i s c u s s e d  p r e v i o u s l y ,  t h e  f low c a p t u r e d  by t h e  i n l e t  is an i m p o r t a n t  q u a n t i t y  
i n  i t s  performance c a l c u l a t i o n s .  I n  t h e  case of t h e  p r e s e n t  i . n l e t  c o n f i g u r a t i o n ,  
t h e r e  is no f low s p i l l a g e  due t o  s i d e w a l l  sweep, because  t h e  sweep a n g l e  is z e r o .  
However, t h e  end e f f e c t s  r e s u l t  i n  some s p i l l a g e ;  t h e r e f o r e ,  t h e r e  is a r e d u c t i o n  i n  
t h e  amount of i n l e t  c a p t u r e .  P r e s e n t  c a l c u l a t i o n s  f o r  t h e  t u r b u l e n t  f l ow p r e d i c t e j  
a n  i n l e t  c a p t u r e  t h a t  is w i t h i n  2 p e r c e n t  of? t h e  e x p e r i m e n t a l  v a l u e .  

ALthouijh r e s u l t s  are p r e s e n t e d  h e r e  €or o n l y  one set  of g e o m e t r i c a l  p a r a m e t e r s ,  
c a l c u l a t i o n s  have been made for  s e v e r a l  o t h e r  sweep a n g l e s ,  qeometrical c o n t r a c t i o n  
r a t i o s ,  Cowl l o c a t i o n s ,  and i n f l o w  c o n d i t i o n s .  These  r e s u l t s  are  d i s c u s s e d  i n  d e t a i l  
i n  referencp 15. 

S i n g l e - S t r u t  , Reverse-Sweep I n l e t  
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b u t  it is  swept fo rward  a t  a n  a n g l e  of 30°. The t h r o a t  w i d t h  is  h e l d  c o n s t a n t  a t  a11 
h e i g h t s  i n  t h e  i n l e t .  A s  a r e s u l t ,  t h e  i n l e t  t h r o a t  h a s  Oo sweep. An unswept t h r o a t  
may be a n  advan tage  i n  r e d u c i n g  t h e  p o t e n t i a l  f o r  a d v e r s e  i n l e t  combustor c o u p l i n g .  
( S e e  r e f .  16.)  The s t r u t  r e d u c e s  t h e  o v e r a l l  l e n g t h  of t h e  i n l e t  by p r o v i d i n g  a d d i -  
t i o n a l  compression surfaces.  O p p o s i t e  sweep of t h e  s t r u t  and s i d e w a l l s  i s  i n t e n d e d  
t o  r educe  f l o w  t u r n i n g  normal t o  t h e  p l a n e  of t h e  cowl; t h i s  r e d u c t i o n  i n  downflow 
s h o u l d  h e l p  t o  r educe  t h e  s t r e n g t h  of t h e  i n t e r n a l  c o w l  shock and t o  a l l e v i a t e  h i g h  
p r e s s u r e  l e v e l s  no rma l ly  g e n e r a t e d  by t h e  cowl shock .  Reduced downflow a l s o  r e s u l t s  
i n  reduced s p i l l a g e .  The i n l e t  h a s  been t e s t e d  i n  a Mach 4 t u n n e l  a t  Langley by 
T r e x l e r .  Unpublished r e s u l t s  from t h o s e  tests are compared h e r e i n  w i t h  t h e  c a l c u l a -  
t i o n s .  The f o l l o w i n g  f l o w  c o n d i t i o n s  are used i n  t h e  a n a l y s i s :  

M1 = 4.03; p1 = 8724 Pa; TI = 65 K 

These c o n d i t i o n s  c o r r e s p o n d  t o  t h e  e x p e r i m e n t a l  c o n d i t i o n s .  The i n l e t  f o r  which t h e  
c a l c u l a t i o n s  are  made h a s  a g e o m e t r i c  c o n t r a c t i o n  r a t i o  W/g of 4.16, and t h e  cowl 
is l o c a t e d  a t  t h e  t h r o a t .  

F i g u r e  16 shows t h e  p r e s s u r e  c o n t o u r s  and f i q u r e  17 shows t h e  v e l o c i t y  v e c t o r  
f i e l d  i n  t h r e e  p l a n e s  c o r r e s p o n d i n g  t o  z / H 1  = 0.145, 0.5,  and 0.89. One of t h e  
problems a s s o c i a t e d  w i t h  s i n g l e - s t r u t  i n l e t s  w i t h  s i m i l a r  sweep on t h e  s i d e w a l l s  and 
t h e  s t r u t  i s  t h a t  f o r  a g i v e n  Mach number, t h e  shock waves from t h e  s i d e w a l l s  and t h e  
s t r u t  c o a l e s c e  i n t o  a s t r o n g e r  shock wave. T h i s  shock wave c o a l e s c e n c e  i s  n o t  d e s i r -  
a b l e  f o r  t h e  o p e r a t i o n  of t h e  i n l e t  o v e r  a Mach number r ange  w i t h  f i x e d  qeometry.  I n  
t h e  p r e s e n t  c o n f i g u r a t i o n ,  it a p p e a r s  t h a t  t h e  shock-wave c o a l e s c e n c e  problem i s  
a l l e v i a t e d .  Because of t h e  o p p o s i t e  sweep of t h e  s i d e w a l l s  and t h e  s t r u t ,  t h e  shock 
waves may coalesce o n l y  i n  c e r t a i n  p l a n e s ,  n o t  a l l  a c r o s s  t h e  i n l e t  h e i g h t ,  a t  a 
g i v e n  Mach number. For example,  f i g u r e  16 shows t h a t  f o r  t h e  p r e s e n t  c o n d i t i o n s ,  
shock w a v e s  coalesce i n  t h e  p l a n e s  n e a r  t h e  t o p  s u r f a c e  b u t  n o t  i n  t h e  p l a n e s  n e a r  
t h e  c o w l .  The s e p a r a t e d  f l o w  r e g i o n s  on t h e  sidewalls ir! f i g u r e  17 a l s o  s u b s t a n t i a t e  
t h e  p r e c e d i n g  o b s e r v a t i o n .  

S i d e w a l l  s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  are shown i n  f i g u r e  18 .  I t  i s  shown i n  
t h i s  f i g u r e  t h a t  t h e  maximum p r e s s u r e  l e v e l  i s  p r e d i c t e d  i n  t h e  middle  p l a n e  r a t h e r  
t h a n  i n  t h e  p l a n e  c l o s e r  t o  t h e  cowl. I n  t h e  p a r a m e t r i c  i n l e t  c o n f i g u r a t i o n  d i s -  
c u s s e d  p r e v i o u s l y ,  maximum p r e s s u r e  was p r e d i c t e d  i n  t h e  p l a n e  c l o s e r  to  t h e  cowl.  
F i g u r e  18 a l s o  shows that t h e  p r e d i c t e d  p r e s s u r e  l e v e l s  compare w e l l  w i t h  t h e  e x p e r i -  
m e n t a l  r e s u l t s  up t o  t h e  i n l e t  t h r o a t .  There a r e  d e v i a t i o n s  downstream of t h e  t h r o a t  
b e c a u s e  t h e  e x p e r i m e n t a l  model has s i g n i f i c a n t l y  d i f f e r e n t  geometry than  t h a t  used i n  
t h e  p r e s e n t  c a l c u l a t i o n s .  

The p r e d i c t e d  i n l e t  capture is  w i t h i n  2 p e r c e n t  of t h e  e x p e r i m e n t a l  v a l u e  f o r  
t h i s  i n l e t  c o n f i g u r a t i o n ,  also. 

CONCLUDING REMARKS 

A computer  program h a s  been developed t o  n u m e r i c a l l y  c a l c u l a t e  t h e  complex, 
t h r e e - d i m e n s i o n a l  f l o w  f i e l d  i n  s u p e r s o n i c  combust ion ramjet (scramjet)  i n l e t s .  The 
program s o l v e s  t h e  t h r e e - d i m e n s i o n a l  Eu le r  or Navier-Stokes e q u a t i o n s  i n  f u l l  c o n s e r -  
v a t i o n  form by e i t h e r  t h e  f u l l y  e x p l i c i t  o r  e x p l i c i t - i m p l i c i t ,  p r e d i c t o r - c o r r e c t o r  
method of  MacCormack. Turbu lence  i s  modeled by a n  a l g e b r a i c  e d d y - v i s c o s i t y  model. 
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An i m p o r t a n t  f e a t u r e  of t h e  program is  t h a t  i t  allows i n c l u s i o n  of end e f f e c t s  i n  t h e  
i n l e t  f l o w  c a l c u l a t i o n s .  These end e f f e c t s  a r i s e  as a r e s u l t  of t h e  i n t e r a c t i o n  of  
t h e  i n l e t  f low w i t h  t h e  e x t e r n a l  f l o w ,  and t h e y  a f f e c t  t h e  i n l e t  f l ow f i e l d  v e r y  
s i g n i f i c a n t l y .  

To  assess t h e  program, p r e d i c t e d  l amina r  and t u r b u l e n t  f l ow r e s o l t s  are compared 
w i t h  exper iment  f o r  a 9.48' symmetric-wedge c o r n e r  a t  Mach 3.  R e s u l t s  are t h e n  p re -  
s e n t e d  € o r  two i n l e t  c o n f i g u r a t i o n s .  The r e s u l t s  of t h e s e  c a l c u l a t i o n s  a r e  also com- 
pared w i t h  t h e  ava i lab le  e x p e r i m e n t a l  r e s u l t s .  I n  g e n e r a l ,  t h e  program h a s  p r e d i c t e d  
t h e  f low f i e l d  w e l l .  The e f f o r t  is  c o n t i n u i n g  t o  a p p l y  and v a l i d a t e  t h e  code f o r  a 
wider  range  of c o n d i t i o n s  and f o r  more p r a c t i c a l  i n l e t  g e o m e t r i e s .  

N A S A  Langley  Research Cen te r  
Hampton, VA 23665-5225 
September  17 ,  1985 
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Figure 1.- Sc ramje t  eng ine  module and c r o s s  s e c t i o n .  

1 

P red i ctor step completed 

Corrector step started 

F i g u r e  2 .- Program o r g a n i z a t i o n  of 3-D Navier-Stokes code. 
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1 Corner shock 
2 Internal shock 
3 S l i p  line 
4 $/all shock 

F i q u r e  3.- Symmetric-wedqe c o r n e r  and schemat i c  
OE c o r n e r  f l o w .  
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F i q u r e  4.- D e n s i t y  c o n t o u r s  €or symmetric-wedqe c o r n e r  
( l amina r  f l o w ) .  
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Figure 5.- Surface pressure distribution for symmetric-wedge corner 
(laminar flow). 
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Figure 6.- Surface pressure distribution for symmetric-wedge 
corner (turbulent flow). 
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Figure 7.- Physical domain of computation for inclusion of end effects. 
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Fiqure 8.- Geometry of parametric scramjet engine. 
( A l l  Linear dimensions are in inches.) 
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Figure 9.- Geometry of parametric inlet with A = 0 ’ .  ( A l l  linear 
dimensions are in inches.) 
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(a) I n v i s c i d .  

( h )  Laminar .  

( c  1 T u r b u l e n t .  

F i g u r e  1 1  .- P r e s s u r e  c o n t o u r s  i n  a p l a n e  l o c a t e d  a t  z / H 1  = 0 . 5 -  
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(a )  I n v i s c i d .  

( b )  Laminar. 

x/H1 = 1.468 x/H1 = 3.4 

( c )  Turbulent .  

F i g u r e  12.- V e l o c i t y  v e c t o r  f i e l d  i n  a p l a n e  l o c a t e d  a t  z/H, = 0.5. 
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Figure 13.- Sidewall pressure distribution at z/H1 = 0.5. 
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Figure 14 .- Sidewall pressure distribution at z/H1 = 0.14. 
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F i g u r e  15.- Geometry of o n e - s t r u t ,  reverse-sweep i n l e t .  H1 = 2.75 i n . ;  
W = 1 ,005  in.; W / g  = 4.16;  6, = 6'. 

z/H1 = 0.145 

F i g u r e  16.- P r e s s u r e  Con tour s  i n  p l a n e s  para l le l  
to  cowl p l a n e .  
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F i g u r e  17.- V e l o c i t y  v e c t o r  f i e l d  i n  p l a n e s  
para l le l  to c o w l  p l a n e .  

-Present results 
0 Exper imenta l  results 
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F i g u r e  18.- S i d e w a l l  p r e s s u r e  d i s t r i b u t i o n s .  
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